This study examined twenty six microsatellite primers developed from three cyprinid fishes (Cyprinus carpio, Barbus barbus and Barbonymus gonionotus) in two indigenous mahseer, Tor douronensis and T. tambroides. A total of 10 (38%) and 12 (46%) primers were successfully amplified producing four and five polymorphic loci in T. douronensis and T. tambroides, respectively. The number of alleles per locus ranging from 2 to 5 and 2 to 7 in T. douronensis and T. tambroides, respectively. A significant deviation from Hardy-Weinberg equilibrium (HWE) was observed at three loci (Barb37, Barb59 and Barb62) in one or more populations in T. tambroides while two loci (Barb37 and Barb62) were deviated in T. douronensis population of Batang Ai. Bayesian cluster analysis performed with STRUCTURE showed that the most likely K value identified was K = 2 with no evidence of population substructuring, similar to those identified by the UPGMA dendrogram. The low genetic distances among populations were also supported by low interpopulation genetic differences (F ST ) among pairwise populations in both mahseer. Overall, the identified microsatellite loci exhibit promise for use in fine scale population structure analysis of T. douronensis and T. tambroides natural populations.
INTRODUCTION
Borneo holds high chiropteran diversity. There are at The mahseer from the genus Tor Gray such as Tor tambroides and T. douronensis, are among the most valuable and highly priced cyprinid fish in Malaysia (Litis et al. 1997; Ng 2004) . The market price for mahseer is considered high due to their delicious flesh and unique scales, and they seldom reach the urban market. For example, the price of T. douronensis can reach above RM 100/kg while T. tambroides reaches above RM400/ kg in the open market in Kapit, Sarawak. Thus, the genus Tor has great potential for freshwater aquaculture industry (Ingram et al. 2005) . In addition, the Tor fishes are also recognized as an excellent game fish, and have high demand in the ornamental fish industry due to their attractive coloration (Ng 2004) . Realising the economic importance of the two mahseer, limted distributions and population sizes, studies on the population structure and level of genetic variations are required for effective management and and conservation strategy of this important freshwater resource.
Microsatellites or simple sequence repeats (SSRs) are short tandem repeat motifs (1-6 bases) with high levels of allelic polymorphism and co-dominant inheritance (Jarne & Lagorda 1996; DeWoody & Avise 2000; Zane et al. 2002) . They are present in both coding and noncoding regions and are usually characterized by a high degree of length polymorphism (Zane et al. 2002) , useful for direct assessment of pattern and distribution of genetic variability at the intraspecific level (O'Connell & Wright 1997; Primmer et al. 2006) . The flanking sequences of microsatellites within related taxa are found to be highly conserved (Scribner et al. 1996) including in fish (Rico et al. 1996) , allowing for cross-amplification from species that diverged as long as 470 million years ago (Ma) (Zane et al. 2002) . Thus, the potential of developing microsatellite markers through cross-is enhanced when primers designed for one species amplify homologous loci in other species (Zheng et al. 1995; Zardoya et al. 1996) , hence eliminated the tedious *Corresponding author: eyuzine@frst.unimas.my procedures to isolate microsatellite markers in a novel species. A few cross-species amplification studies had identified polymorphic microsatellite loci from other fishes useful for population genetic structure analysis of the genus Tor, for example the Tor putitora from three other cyprinids and Tor tambroides from a catfish, Mystus nemurus (Keong et al. 2008 ).
The present study examines cross-species amplification of primers, developed for three cyprinids (Cyprinus carpio, Barbus barbus and Barbonymus gonionotus), in two indigenous mahseers, T. douronensis and T. tambroides. The objective was to identify polymorphic microsatellite loci and evaluate the suitability of the identified loci in population structure analysis of both mahseer in Malaysia.
MATERIALS & METHODS

Sample collections
The difficulties in obtaining the mahseer samples were due to their reduced numbers in most of the major rivers (Ng 2004) and their natural populations are currently confined only to the upper streams of rivers or protected areas such as national parks. T. douronensis samples chosen for the cross-species study were selected randomly from two locations in Sarawak; the Batang Ai River (N=37) and the Limbang River (N=15). The Batang Ai River was a tributary of the Batang Lupar River located in the southern part of Sarawak, while the Limbang River was located in northern part of Sarawak. Meanwhile, T. tambroides samples used in this study were obtained from three locations in Peninsular Malaysia; the Sia River, Pahang (N=17), the Kampung Esok River, Negeri Sembilan (N=20) and the Perak River, Perak (N=19). The Sia River, Pahang and the Kampung Esok River, Negeri Sembilan, both served as tributaries of the Pahang River that drained to the South China Sea while the Perak River flow west into the Straits of Malacca. The mahseer samples were morphologically identified by using the keys provided by Mohsin & Ambak (1983) , Kottelat et al. (1993) and Inger & Chin (2002) .
Cross-species amplification of microsatellite primers
Microsatellite primers from three freshwater cyprinids: Cyprinus carpio (Crooijmans et al. 1997), Barbus barbus (Chenuil et al. 1999) and Barbonymus gonionotus (McConnell et al. 2001; Kamonrat et al. 2002) were tested for amplification of homologous loci (Table 1 ). The initial cross-species amplification standardization including optimization of annealing temperature for each primer pair was carried out using eight random samples of T. douronensis and T. tambroides each. The primers yielding scoreable amplified products were further evaluated using larger sample sizes to assess their suitability in the population structure analysis of both mahseer.
The total DNA was extracted using the modified CTAB method (Grewe et al. 1993) After amplification, 10 µl of PCR products were electrophoresed on 4% high resolution MetaPhore agarose gels for 2 h at 78V/cm. The gels were stained using ethidium bromide (0.1µl/ml) and photographed under UV light using an Alpha Imager 2200. The alleles were designated according to PCR product size and calculated relative to a standard molecular marker (20 bp and 100 bp; Cambrex).
Statistical Analysis
Microsatellite genetic diversity was quantified as the number of alleles (A), the allelic richness A R (the measure of the number of alleles per locus independent of the sample size), observed (H o ) and expected (H e ) heterozygosity values, and inbreeding coefficient (F IS or ƒ) as a measure of heterozygote deficiency or excess (Weir & Cockerham 1984) using FSTAT version 2.9.3.2 (Goudet 2001) . GENEPOP version 3.3 (Raymond & Rousset 1995) was used to test genotypic distributions for conformance to Hardy-Weinberg expectations (HWE) and to test for genotypic disequilibria at each locus for each population using the Markov chain method (Guo & Thompson 1992) . Genetic homogeneity tests of genotype frequency distribution Table 1 . Primers of microsatellite loci tested for cross-species amplification in T. douronensis and T. tambroides
Source species
Number of primer pairs tested Locus Successful amplification (n(%)) 10 Bgon2, 8, 12, 13, 17, 19, 22, 69, 75, 79 4 (40) 4 (40) Barbus barbus 4 Barb37, 54, 59, 62 2 (50) 3(75)
T. douronensis T. tambroides
Barbonymus gonionotus
Cyprinus carpio 12 MFW1, 2, 5, 7, 11, 15, 17, 18, 19, 24, 26, 28 4 (33) 5 (42) Total tested 26 10 (38) 12 (46) at each locus were determined through an exact G-test (Goudet et al. 1996 in order to test the null hypothesis of no genetic differentiation between populations, also using FSTAT. Sequential Bonferroni adjustments (Rice 1989) were applied to correct for the effect of multiple tests.
Genetic differentiation among populations was measured by the fixation index F ST , calculated according to Weir & Cockerham (1984) using ARLEQUIN. Permutation tests (10,000 permutations) were performed in order to determine if estimates differed significantly from zero. The genetic distance between populations (rivers) in both mahseer was calculated based on an unbiased measure following Nei (1978) . An Unweighted Pair-Group Method with Arithmetic Mean (UPGMA) dendrogram was constructed to illustrate the relations among geographic samples using POPGENE 1.32 (Yeh & Boyle 1997) . Finally, a Bayesian approach was used to infer the number of clusters (K) in the data set without prior information of the sampling locations, available in STRUCTURE version 2.0 (Pritchard et al. 2000) . A model where the allele frequencies were correlated within populations was assumed (λ was set at 1, the default value). The software was run with the option of admixture, allowing for some mixed ancestry within individuals, and α was allowed to vary. Five independent runs were done for each value of K (K= 1 to 5) with a burn-in period of 25,000 iterations and 25,000 replications.
RESULTS
Of the 26 heterologous primer pairs tested, only 10 (38%) and 12 (46%) primers produced successful amplification of homologous loci in T. douronensis and T. tambroides, respectively (Tables 1 and 2 ). In T. douronensis, four primers (Bgon13, Barb37, Barb62 and MFW7) were polymorphic exhibiting 2-5 alleles while the other six primers (Bgon22, Bgon69, Bgon75, MFW1, MFW5 and MFW11) were monomorphic when tested in all 52 individuals. In T. tambroides, five primers (Bgon13, Barb37, Barb59, Barb62 and MFW7) were polymorphic exhibiting 2-7 alleles while primers Bgon22, Bgon69, Bgon75, MFW1, MFW5, MFW11 and MFW17 produced a monomorphic band in all the 56 individuals tested. The characteristics of the polymorphic primers of both mahseer are summarised in Tables 2 and 3 Nei (1978) among populations (Table 6) showed that the highest genetic distance was between T. tambroides population from Pahang and T. douronensis population from Ulu Limbang (0.4187). Bayesian cluster analysis performed with STRUCTURE showed that the most likely K value identified was K = 2, and results from other K values (K= 3 to K= 5) did not identify any formation of additional clusters (Fig. 1) . The two identified cluster correspond to the two mahseer studied; Cluster 1 consisted of the three T. tambroides populations while Cluster 2 consisted of the two T. douronensis populations. No evidence of population substructuring was found in either species based on the STRUCTURE analysis. The UPGMA dendrogram also generated two clusters corresponding to the two species studied (Figure 2 ), similar to those identified by structure.
DISCUSSION
The results of this study showed the potential of finding polymorphic microsatellites loci through a rapid non-cloning method. Although only a small proportion of polymorphic loci 10% (four out of 26) in T. douronensis and 12% (five out of 26 loci) in T. tambroides) were found, the genetic diversity parameters were comparable to the results found in other cross-species amplification studies of mahseer This includes a study by Keong et al. (2008) on T. tambroides using five polymorphic microsatellites developed from a catfish (Mystus nemurus) in which the number of allele per locus ranged from1 to 7 and observed heterozygosities ranged from 0.2400 to 1.0000). Another study by Mohindra et al. (2004) in Tor putitora used seven (22%) polymorphic (out of a total of 32 primers tested) microsatellites developed from Catla catla, C. carpio and B. barbus in which the number of alleles per locus ranged from 1 to 10 and the corresponding observed heterozygosities ranged from 0.0000 to 0.9000 However, the current genetic diversity results were lower than those found by Nguyen et al. (2007) in microsatellites developed for T. tambroides (number of alleles per locus ranged from 1 to 9 and observed heterozygosities ranged from 0.0390 to 0.7510) and subsequent cross-species study in T. douronensis by Nguyen (2008) (number of alleles per locus ranged from five to 21 and observed heterozygosities ranged from 0.0400 to 0.7850). Nevertheless, the results of this study supported the hypothesis that certain sequences flanking the microsatellite regions of the genome might be conserved among the cyprinids (Zane et al. 2002) , thus potentially allowing primers to be used interspecifically among cyprinids (Yue & Orban 2002; Lal et al. 2004; Mohindra et al. 2004; Nguyen 2008) .
The results of this study also showed that the optimum annealing temperature (T a ºC) observed in both mahseer differed from that reported in the source species for the respective primer pair, except in Barb37 (Table 2 ) similar to the findings by Mohindra et al. (2004) . The fact that eight out of 12 (67%) of the successfully amplified primers in this study exhibited annealing temperature lower that those found in the source species supported the general assumption that cross-species amplification tends to have lower annealing temperature as compared with the species where the primer(s) were originally developed (Zane et al. 2002) .
Two and three out of the five polymorphic loci were not in Hardy-Weinberg equilibrium (HWE) in T. douronensis and T. tambroides in one or more population, respectively. Departure from HWE may result from one or more of the followings reasons: (i) Sampling error because only a small sample size was studied, thus did not have a true representation of the population allele frequencies . (ii) Wahlund effect, i.e. presence of fewer heterozygotes in a population than predicted on account of a population subdivision (Kumar et al. 2006) . (iii) presence of null alleles as suggested by excess of homozygotes for most allele size classes (Nguyen 2008) and (iv) Reduction in the effective breeding population size in T. tambroides as a result of overexploitation and/or anthropogenic disturbances (i.e. river pollution, deforestation, watershed erosion etc).
The microsatellite analysis done in this study showed low levels of genetic differentiation among the three T. tambroides populations of Peninsular Malaysia (N. Sembilan, Pahang and Perak) similar to the results found using mitochondrial cytochrome c oxidase I sequences (Esa et al. 2008) . In addition, the two T. douronensis populations (Batang Ai and Ulu Limbang) separated by high geographical distance (around 800 km) also showed very low genetic substructuring between them and was not concordant with the high population structuring results found by Nguyen (2008) . Thus, the inclusion of more polymorphic microsatellite loci and of sample sizes in each population might provide a better resolution of the population genetic structure of the two mahseer species. Overall, the cross-species amplification study identifies five polymorphic microsatellite loci with considerable genetic variation potentially useful in the fine scale population structure analysis of T. douronensis and T. tambroides natural populations. 
